Low-energy excitations of a magnetically ordered system are spin waves (or magnons) that do not suffer from Ohmic losses, making them an attractive medium for communication and processing of information beyond the CMOS technology. One great practical interest for the development of magnonic devices is searching for nonreciprocal spin waves and manipulate the non-reciprocity by magnons themselves in single magnetic materials. Here we explicitly demonstrate localized excitations of unidirectional dipole-exchange spin waves in FeNi nano-films deposited on SiO 2 layer via Brillouin light scattering (BLS) measurements. The dipoledominated magnetostatic surface spin wave (MSSW) and the exchange-dominated perpendicular standing spin wave (PSSW) are found to be localized near the top and bottom surfaces, respectively, and travel along the opposite direction. The non-reciprocity and localization can be tuned further by an in-plane magnetic field. Our findings provide extremely simple yet flexible routes toward nonreciprocal all-magnon logic devices without the need to involve microwave cavity and with compatible advantage of standard silicon integrated circuit technology.
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As a new means of "charge free" information carriers, spin waves (magnons) connecting spin, charge and photon degree of freedom attract more and more attentions and stimulated the emerging research field called "magnonics" [1] [2] [3] [4] . Spin-wave based devices such as logic gates [5, 6] , filters [7] , waveguides [8, 9] , diodes [10] , beamsplitters [11, 12] and multiplexors [13] , have been proposed and designed recently. In principle, spin waves are generally characterised by two types of magnetic interactions: the strong but short-range exchange interaction and the relatively weak non-local magnetic dipolar interaction. Different from symmetric exchange spin waves, magnetostatic surface spin waves (MSSWs), or Damon-Eshbach (DE) spin waves originated from dipolar interaction [14] , are of particular interest because of their nonreciprocal property: the MSSW modes localize at the surface and propagate unidirectionally. The propagation direction, the static magnetization and the outward normal direction of the sample surface form a right-hand system [14, 15] . Though some indications about nonreciprocal topology has been revealed [16, 17] , a way to control MSSW by another magnon is still not appreciated quantitatively, even it is highly important for the development of the future all-magnon devices with ultra-low energy consumption.
The localization depth of the MSSWs equals to the wavelength. Thus, for very thin films (several nanometers) and the GHz-spin wave modes with tens to hundreds of nanometers wavelength, the nonreciprocity is negligible. For thicker films, the perpendicularly standing spin waves (PSSW) [18, 19] originated from exchange interaction begin to play a role when their frequencies reduce to the range of MSSW modes. When the PSSW and MSSW modes intercross each other, they will couple and form hybridized dipole-exchange modes. An anticrossing gap will open at the crossing point. The hy-bridized dipole-exchange spin waves were theoretically predicted long ago [20, 21] . There are also a lot of experiments trying to characterize the dipolar-exchange modes [22, 23] . It has been shown that when the frequencies of MSSW modes are far from the PSSWs, the MSSWs can be very robust against defects [24] . In the opposite limit where the frequencies of MSSWs and PSSWs are very close, multiple dipoleexchange bands were observed, and an asymmetry in the intensities of Stokes and anti-Stokes branches can be identified, although the contrast is not very obvious [23] . Some highly nonreciprocal spin waves have been observed in magnetic metal/insulator heterostructures [25] [26] [27] . However, to the best of our knowledge, there is no experiment showing directly and clearly all-magnonic control of hybridized spin waves in single magnetic layers, in particular in silicon integrated circuit compatible magnetic materials such as Permalloy.
In the Letter, we use wavevector-resolved, frequencyresolved Brillouin Light Scattering (BLS) technique to measure the spin wave spectra in in-plane magnetized ferromagnetic FeNi films. In 44-nm FeNi layer, dipole-exchange spin waves as a result of strong coupling between the MSSW and 1st PSSW is observed. A dipole-exchange gap ∼ 1 GHz is identified. More importantly, unambiguous nonreciprocity of the hybridized spin waves is observed: For wavevectors larger than the crossing point, only MSSW branch is detected along m 0 ×n while the exchange-dominated PSSW becomes unidirectional and is only detectable along the opposite direction, where m 0 is the static magnetization direction andn is the outward normal of the top surface of the sample. The experimental observations can be well described by the two-band model for MSSW and PSSW modes. The detailed micromagnetic simulations unravel further that the coupled MSSW and PSSW branches are localized on the two opposite surfaces, respectively. The localization and travelling direction of spin waves are bunched together and can be reversed simultaneously by rotating in-plane magnetic field, demonstrating a new scheme of all-magnonically controlled nonreciprocity.
We deposited FeNi films on 300 nm thick SiO 2 substrates by radio frequency magnetron sputtering at room temperature. The SiO 2 layer can enhance the light signal in BLS measurements [28] . The FeNi layer thicknesses are controlled by varying the sputtering time. The static magnetic properties of FeNi films were measured by a vibrating sample magnetometer (VSM). The measured in-plane magnetic hysteresis loops of FeNi (32 nm) and FeNi (44 nm) films indicate that the inplane coercive field is less than 3 Oe (see Supplemental Material [29]), which is much smaller than an external in-plane magnetic field H = 500 Oe and can be safely ignored. In the following, the film is considered as isotropic in the xy plane.
The spin wave spectra in FeNi films are measured by using BLS technique at room temperature. Fig. 1 shows the schematic of a FeNi film and BLS measurement geometry. The static magnetization m 0 is aligned along the +y axis by the applied magnetic field H = 500 Oe. The BLS measurements are performed in the 180 • -backscattering geometry and based on the (3+3)-pass tandem Fabry-Pérot interferometer, which is effective for achieving the vector resolution of surface spin waves [30] . The incident plane of the laser light is perpendicular to the y axis. Thus, the measured in-plane wave vector k is along the x direction. In the scattering process, the Stokes (anti-Stokes) peaks in BLS spectra correspond to k = 4π sin θ/λ along the +x (−x) direction, where the θ is the laser light incident angle and the λ = 532 nm is the laser wavelength. By varying θ, the frequency of different wavevectors can be obtained. The measured intensities versus frequency for different in-plane wavevectors are shown in Figs. 2 and 3 , where the frequency resolution is 0.068 GHz and the range of measurable wavevectors is between ±20 rad/µm. Phenomenologically, the dynamics of the magnetization vector m can be understood in terms of the Landau-Lifshitz-Gilbert (LLG) equation [31] ,
where γ is the gyromagnetic ratio, M s is the saturation magnetization, A is the exchange constant, and h it the dipolar field. In the magnetostatic limit and low damping limit, by ignoring the exchange interaction (or the nonlocal dipolar interaction), the well known MSSW (or PSSW spectra) can be obtained from the linearized LLG equation, respectively [18, 19] . The frequency of MSSW f M and nth PSSW f n P are
where H ex,n = 2A M s nπ d 2 + k 2 , and d is the film thickness.
We first study a 34-nm FeNi film by the applied magnetic field H = −500 Oe, whose BLS results are presented in According to Eq. (2) and Eq. (3), the frequencies of MSSW band increase while the frequencies of PSSW bands decrease with the thickness of film. We then deposited 44nm-thick FeNi film to reach the frequency crossing point of the MSSW band and 1st PSSW band. The measured intensities versus frequency f for different k are shown in Fig. 3(a) . The density plots in k − f plane for Stokes and anti-Stokes branches are presented in Fig. 3(b) and (c), respectively. Clearly, the MSSW band and the 1st PSSW band intercross each other in 44-nm FeNi film. One obtains the hybridized 
which agree with the experimental peak positions (symbols), as demonstrated in Figs. 3 (d) and (e) with g = 1 GHz (dotted lines). After the hybridization, the resultant dipole-exchange spin wave modes show a strong nonreciprocal behavior. From Figs. 3(a-c) , we see that before the crossing point ( k smaller than 10 rad/µm), both MSSW and PSSW modes are excited and PSSW possesses symmetric exchange dispersion of k . However, after the anti-crossing, only MSSW branch (PSSW branch) can be detected in the Anti-Stokes (Stokes) side. Note that the Anti-Stokes (Stokes) peaks correspond to wave-vector along the +x (−x) direction in our geometry. By defining the outward normal of the top surface (i.e. the surface the BLS laser shines on) to ben, the spin wave nonreciprocity can be summarized as: the MSSW branch propagates expectedly along m 0 ×n, while the PSSW branch becomes nonreciprocal as well and travels only along the opposite direction. The above unidirectionally propagating property was double checked by rotating in-plane field H along −y so that m 0 reversed its direction. As expected, the patterns of Stokes and anti-Stokes intensities exchange with each other (See Supplemental Material [29]).
To have more insight of the observed nonreciprocity, we numerically solve the spin wave spectra in a more precise way. Following [20, 32] , we consider the magnetostatic assumption Together with the boundary conditions, the spin wave spectra are obtained in Fig. 4(a) . The first band (black dashed line) is the same as the 0th PSSW. The second and third band, plotted by magenta and white dashed lines, respectively, are dipole-exchange modes we are interested in. The "pure" MSSW and 1st PSSW bands are also plotted in black dashed lines as a comparison. To compare the theoretical results with the experimental data, we also plot this two modes together with the density plot Fig. 3(b 
showing an excellent agreement. The 4th band lying in high frequency region is also shown, which is the same as the 2nd PSSW band. The bands themselves are symmetric. To explain the nonreciprocal behavior, we further solve the wavefunction amplitudes of m components across the thickness direction. We consider k = −12 rad/µm, indicated by two orange circles in Fig. 4(a) . The amplitudes of m x and m z of the MSSW branch (the higher-frequency band) are demonstrated in Fig.  4(b) . The dynamic δm components mainly localized at the bottom surface, which is consistent with the "pure" MSSW according to the Damon-Eshbach theory [14] . The amplitudes of m x and m z of the PSSW branch (the lower-frequency band) are given in Fig. 4(c) . Unlike the "pure" PSSW modes which are inversion-symmetric, the hybridized mode is localized at the top surface. For positive k = 12 rad/µm, the wavefunction amplitudes are just the mirror images of Fig. 4(b) (c) because the film is C 2 symmetric around y axis. Given that the laser which stimulates and detects the spin waves always come from the top surface, therefore, only the modes that have enough amplitudes at the top surface scatter with the light and are measured. That is why in the experiment only positive-k MSSW branch and negative-k PSSW branch are observed. As for other PSSW modes, the 0th mode lies in low frequency range that is difficult to be excited and detected by BLS, the 2nd and higher PSSW bands possess much higher frequency than the range measurable by BLS in our experimental setup. To further substantiate our explanation, we perform micromagnetic simulations using Mumax3 package [33] with the material parameters mentioned above. We consider a sample of 40960 × 3200 × 44 nm 3 , with mesh size of 10 × 100 × 1.375 nm 3 . To reduce the time of calculation, since we are only interested in the wave propagating in x direction and the wavefunction distribution in z direction, we consider 32 repeats of a single mesh in y direction. The spin waves are excited by finite temperature T = 10 K. Here we did not use room temperature as in the experiments because a lower temperature gives numerical stability. The sinc function with a maximum frequency f max = 30 GHz excites all the modes below f max with equal weights. We plot the Fourier transform of m z at the top surface in Fig. 4(a) . Not only the spin wave spectra, but also the strong nonreciprocal behavior is high consistently reproduced.
In summary, by varying the thickness of FeNi films, we demonstrate a controllable, yet simple and flexible, allmagnon setup for realizing nonreciprocal spin waves. The hybridized dipole-exchange spin waves with a large gap about 1 GHz are obtained. Not only the MSSW modes but also the exchange-dominated PSSW branch are found to localized on the surface and possess strongly nonreciprocal behavior, which can be further tuned by external applied in-plane magnetic field. These effects are well explained by the magnetistatic theory and can be quantitatively reproduced by magnetostatic simulations. Apparently, our scheme is fundamentally different from the cavity magnonics, in which the coherent and dissipative interaction between microwave cavity modes and spin wave modes is a key ingredient for the development of wave nonreciprocity. The findings demonstrated here provide a simple solution of achieving strongly nonreciprocal spin waves with flexible controllability and have the great potential to realize all-magnonic chip on silicon.
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